Delayed-release dimethyl fumarate (DMF) is an oral treatment approved for patients with relapsing-remitting multiple sclerosis (RRMS). In patients treated with DMF, absolute lymphocyte count (ALC) decline typically occurs within the first year of treatment and stabilizes.^[@R1]^ Early ALC drops have been associated with later development of severe, prolonged lymphopenia (ALC \<0.5 × 10^9^/L for \>6 months) while on treatment; however, degree of change in ALC is not indicative of response, as patients with and without lymphopenia demonstrated similar reductions in relapse rate vs placebo in pivotal trials.^[@R1][@R2][@R3]^ In addition, no overall increased incidence of serious infection, including opportunistic infections, was observed with DMF vs placebo in the controlled pivotal trials.^[@R2][@R3][@R5]^ Rare cases of progressive multifocal leukoencephalopathy (PML) associated with DMF usage have been reported in the presence of moderate to severe, prolonged lymphopenia.^[@R6]^

Preliminary data indicate that DMF-associated lymphopenia results in a shift in immunophenotype, causing a reduction in circulating central and effector memory T cell number and concomitant increase in naive T cells.^[@R7][@R8][@R9]^ We present data from an integrated analysis of long-term data from DMF clinical studies (BG00012 Monotherapy Safety and Efficacy Extension Study in Multiple Sclerosis \[ENDORSE\] integrated analysis) and 6-month interim findings from a prospective trial (PROCLAIM) to evaluate the early dynamics of the lymphocyte repertoire and compare patients with long-term DMF exposure and varying degrees of lymphopenia to further understand the effect of these changes on the benefit--risk profile of DMF.

Methods {#s1}
=======

Study design and participants {#s1-1}
-----------------------------

### PROCLAIM analysis {#s1-1-1}

PROCLAIM (EUDRA CT 2015-001973-42 \[[clinicaltrialsregister.eu/ctr-search/search?query=2015-001973-42](https://www.clinicaltrialsregister.eu/ctr-search/search?query=2015-001973-42)\]; 6-month interim analysis) is an ongoing, prospective, open-label, 96-week, phase 3b study evaluating DMF 240 mg 2 times daily (BID) in adult patients aged 18--65 years with RRMS. Lymphocyte subset dynamics were characterized within the first 6 months of DMF treatment for patients from PROCLAIM. Key patient inclusion criteria included age 18--65 years and a RRMS diagnosis (McDonald criteria).^[@R10]^ The main exclusion criteria were previous exposure to DMF; positive serology for HIV or hepatitis B or C; history of drug or alcohol abuse within 1 year before screening; any clinically significant infectious illness within 30 days of screening; a history of clinically significant comorbid disorders or conditions; leukocytes \<3.5 × 10^9^/L, ALC values ≤ lower limit of normal (LLN, 0.91 × 10^9^/L), or alanine transaminase/serum glutamic pyruvic transaminase or aspartate transaminase/serum glutamic oxaloacetic transaminase ≥2 × the upper limit of normal at screening; or exposure to cyclosporine, azathioprine, methotrexate, mycophenolate mofetil, IV immunoglobulin (Ig), plasmapheresis, or another investigational drug within 6 months of baseline. Patients with ≥6 months of follow-up or who discontinued study treatment at any time point were included in this analysis.

Blood samples were collected at baseline and every 4 weeks for the first 3 months, followed by every 12 weeks through the first year, every 24 weeks in the second year, and at the last follow-up visit, for a total of 104 weeks. An analysis of the major lymphocyte subsets and functional phenotypes of each subset was performed to characterize the dynamics of changes in the immune cell repertoire during early DMF treatment in patients participating in PROCLAIM who had ≥24 weeks of follow-up or who discontinued study treatment at any time point.

The primary endpoint of PROCLAIM is the change in lymphocyte subsets over the initial 48 weeks of DMF treatment. Secondary and exploratory endpoints included the change in ALC and Ig antibodies over 48 weeks of DMF treatment and safety. Safety was measured by adverse events (AEs) and serious AEs (SAEs) and based on the 24-week interim analysis.

### ENDORSE integrated analysis {#s1-1-2}

An integrated analysis of the phase 2b study (NCT00168701 \[[clinicaltrials.gov/ct2/show/NCT00168701](https://www.clinicaltrials.gov/ct2/show/NCT00168701)\]), pivotal phase 3 Efficacy and Safety of Oral BG00012 in Relapsing-Remitting Multiple Sclerosis (DEFINE) (NCT00420212 \[[clinicaltrials.gov/ct2/show/NCT00420212](https://www.clinicaltrials.gov/ct2/show/NCT00420212%5d)/CONFIRMclinicaltrials.gov/ct2/show/NCT00420212)\]), Efficacy and Safety Study of Oral BG00012 With Active Reference in Relapsing-Remitting Multiple Sclerosis (CONFIRM) (NCT00451451 \[[clinicaltrials.gov/ct2/show/NCT00451451](https://www.clinicaltrials.gov/ct2/show/NCT00451451)\]) studies, and the ongoing phase 3 ENDORSE (NCT00835770 \[[clinicaltrials.gov/ct2/show/NCT00835770](https://clinicaltrials.gov/ct2/show/NCT00835770)\]) extension study of the DEFINE/CONFIRM parent studies was conducted to assess long-term data, referred to as the ENDORSE integrated analysis throughout this article. Data starting from the first exposure to DMF are included in the analysis. The data cutoff date for ENDORSE was October 1, 2016. Details about study designs and objectives for DEFINE/CONFIRM have been published previously.^[@R2][@R3][@R4],[@R11]^

During the ENDORSE extension study, patients who had received DMF 240 mg BID or 3 times daily in the parent studies continued with this dosage, and those receiving placebo (DEFINE/CONFIRM) or glatiramer acetate (CONFIRM) were re-randomized 1:1 to DMF 240 mg BID or 3 times daily. Following marketing authorization of DMF, all patients switched to open label DMF 240 mg BID.

Changes in ALC were assessed using blood samples collected at baseline and throughout treatment with DMF. ALC data were collected at baseline and every 4 weeks (phase 2b), every 4 weeks for the first 3 months, and every 12 weeks thereafter for 2 years (DEFINE/CONFIRM), and at least every 12 weeks for up to 12 years (ENDORSE).

For patients in ENDORSE who discontinued DMF for any reason, and had an ALC \< LLN at their last study visit, blood samples were collected every 12 weeks for 48 weeks after their last dose, or until ALC was ≥ LLN, whichever was earlier. Similar to the on-treatment ALC monitoring schedule, the introduction of a stopping rule, which required patients to discontinue treatment if severe, prolonged lymphopenia had occurred, was introduced after the study had been initiated and was applied retrospectively, thus the on-treatment duration of lymphopenia varies for patients who discontinued therapy with DMF and remained on-treatment for ALC follow-up.

The ENDORSE integrated analysis of lymphocyte subsets is cross-sectional in nature, and the first samples for the exploratory subset analysis were collected after all active patients had been in ENDORSE for at least ∼4 years. For this analysis, patients with an ALC ≥ LLN had a single blood sample taken, patients with an ALC \>0.5 to 0.91 × 10^9^/L had blood samples collected every 12 weeks, and patients with an ALC ≤0.5 × 10^9^/L had blood samples collected every 4 weeks. This cross-sectional analysis was performed using blood samples from the first time point that both hematology and flow cytometry were performed. Thus, the actual duration of DMF exposure varies for each patient.

The primary objective of ENDORSE is to evaluate the long-term safety profile of DMF. Exploratory objectives include evaluating the effects of DMF on lymphocyte subsets, as well as describing lymphocyte reconstitution after discontinuation of DMF.

Hematology and flow cytometric analyses {#s1-2}
---------------------------------------

ALC were measured by routine clinical laboratory studies using complete blood count (CBC) differential procedure. Immune cell subsets were quantified in whole blood by multiparameter flow cytometry analysis (table e-1; [doi.org/10.5061/dryad.d065rr9](https://doi.org/10.5061/dryad.d065rr9)). Fluorescence-activated cell scanning assays were designed based on Human Immunophenotyping Consortium--recommended standardized immunophenotyping panels^[@R12]^ and were optimized and validated for whole blood sample analysis with sample stability in sodium heparin vacutainers established for up to 48--72 hours post collection (table e-2; [doi.org/10.5061/dryad.d065rr9](https://doi.org/10.5061/dryad.d065rr9)). Data acquisition was performed by LabCorp Clinical Trials on a BD FACSCanto II (BD Biosciences, San Jose, CA) flow cytometer.

Statistical analysis {#s1-3}
--------------------

### PROCLAIM {#s1-3-1}

For the longitudinal PROCLAIM analysis, the change in lymphocyte subsets during DMF treatment over 24 weeks and the median (25%, 75% quartiles) percentage change from baseline at week 24 were calculated. The corresponding *p* values were calculated using Wilcoxon signed rank test. Mean and standard error were calculated for Ig antibodies.

### ENDORSE integrated analysis {#s1-3-2}

A comprehensive analysis of the safety profile of DMF was assessed for patients in the ENDORSE integrated analysis with the use of descriptive statistics for the safety population (all patients who received ≥1 dose of the study drug) to calculate incidence of AEs and SAEs.

Change in ALC over time also was assessed for the ENDORSE integrated analysis, but only included patients with a baseline ALC, and ≥1 ALC recorded during treatment. Moderate, prolonged lymphopenia was defined as ALC 0.5--\<0.8 × 10^9^/L for ≥6 months and severe, prolonged lymphopenia as ALC \<0.5 × 10^9^/L for ≥6 months. The assessment of lymphocyte subsets was limited to only patients in ENDORSE. Patients were analyzed according to ALC category. The correlation between ALC and CD4^+^ and CD8^+^ T-lymphocyte counts was assessed using Pearson and Spearman correlation coefficients.

For the analysis of ALC following DMF discontinuation, patients were eligible for inclusion in the analysis if they had ≥1 ALC recorded following the discontinuation of DMF, regardless of reason for discontinuation.

Standard protocol approvals, registrations, and patient consents {#s1-4}
----------------------------------------------------------------

Studies were approved by the relevant institutional review board for each study site, and each study was conducted in accordance with the Declaration of Helsinki, International Conference of Harmonisation--Good Clinical Practice guidelines, and all applicable laws and regulations. All participants provided written informed consent before study procedures.

Data availability {#s1-5}
-----------------

PROCLAIM, the phase 2b study, DEFINE, CONFIRM, and ENDORSE were registered with ClinicalTrials.gov (EUDRA CT 2015-001973-42, NCT00168701, NCT00420212, NCT00451451, and NCT00835770). Requests for data supporting this article should be submitted to the Biogen Clinical Data Request Portal ([biogenclinicaldatarequest.com](http://www.biogenclinicaldatarequest.com/)).

Results {#s2}
=======

Demographic and baseline clinical characteristics {#s2-1}
-------------------------------------------------

For the PROCLAIM analysis of the first 6 months of DMF treatment, 163 patients were included in the interim analysis ([table 1](#T1){ref-type="table"}). Demographic and baseline characteristics for the 2,513 patients were broadly consistent among all 4 studies in the ENDORSE integrated analysis, as previously presented.^[@R2][@R3][@R4],[@R11]^ Patients in PROCLAIM were older compared with those in DEFINE/CONFIRM; 62% of patients in PROCLAIM were aged ≥40 years at the time of enrollment, compared with 46% in the ENDORSE integrated analysis. The mean (SD) duration of DMF treatment was 30.2 (10.3) weeks for patients in PROCLAIM and 201 (154) weeks for the ENDORSE integrated analysis.

###### 

Patient demographics and disease characteristics
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Lymphocytes {#s2-2}
-----------

### Monitoring of ALCs {#s2-2-1}

For the ALC analysis, 2,470 patients had ≥1 postbaseline ALC value and therefore were included in the ENDORSE integrated analysis. The pattern of initial decline followed by stabilization of ALC after week 24 was generally maintained during 10 years of follow-up in ENDORSE, and the majority (60.2%) of patients remained \> LLN (0.91 × 10^9^/L; [figure 1A](#F1){ref-type="fig"}). Patients with moderate, prolonged lymphopenia remained on treatment for mean (SD) of 4.0 (2.3) years; 2.9 (1.7) years for patients with severe, prolonged lymphopenia.

![Absolute lymphocyte counts (ALCs) over 8 years of dimethyl fumarate (DMF) treatment and lymphocyte subsets by ALC categories\
(A) ALCs over 8 years of DMF treatment. Mean (± SE) and 95% confidence intervals (CIs) are presented (n = 2,470). Lower limit of normal (LLN) (0.91 × 10^9^/L) is signified by the dotted line. ^a^Data not presented for \<10 patients. (B) Lymphocyte subsets by ALC categories CD4^+^ LLN = 0.2 × 10^9^/L; CD8^+^ LLN = 0.1 × 10^9^/L. Median (values inside the bars) and 95% CIs are presented. Data were stratified by all ALCs collected during the study (ALC 0.5 to \<0.8 × 10^9^/L for ≥6 months \[moderate, prolonged lymphopenia\]; ALC \<0.5 × 10^9^/L for ≥6 months \[severe, prolonged lymphopenia\]; ALC always ≥0.91 × 10^9^/L \[always ≥ LLN\]). Patients were categorized as having moderate to severe prolonged lymphopenia if they met these criteria at any time during the study. NK = natural killer.](NEUROLOGY2018920918FF1){#F1}

In PROCLAIM, median ALC was 1.82 × 10^9^/L at baseline and 1.24 × 10^9^/L at week 24, representing a median −33.6% change from baseline ([figure 2](#F2){ref-type="fig"}), with reductions observed as early as week 4. Patients will continue to be followed through year 2 to assess the long-term dynamics of ALC.

![Immune cell repertoire changes over 24 weeks of dimethyl fumarate (DMF) treatment in PROCLAIM\
For each box plot, the top and bottom box edges correspond to the first and third quartiles, n = 163. The black line inside the box represents the median. The top and bottom whisker lines mark the maximum and minimum values of the dataset, respectively. Dotted lines represent lower limit of normal (LLN) (for those subsets with established cutoff values). Absolute lymphocyte count (ALC) LLN = 0.91 × 10^9^/L; CD4^+^ LLN = 0.2 × 10^9^/L; CD8^+^ LLN = 0.1 × 10^9^/L.^[@R7],[@R26]^ the corresponding *p* values were calculated using Wilcoxon signed-rank test. Significant *p* values are marked with asterisks (\**p* \< 0.05 vs baseline; \*\**p* \< 0.01 vs baseline; \*\*\**p* \< 0.001 vs baseline; \*\*\*\**p* \< 0.0001 vs baseline). NK = natural killer.](NEUROLOGY2018920918FF2){#F2}

### Dynamics of lymphocyte subset changes during early DMF treatment {#s2-2-2}

In PROCLAIM, the number of circulating major lymphocyte subsets declined following initiation of DMF treatment, consistent with the decline in ALC ([figure 2](#F2){ref-type="fig"}). B-cell counts initially experienced the greatest rate and proportion of decline, detected as early as 4 weeks after initiation of treatment (−10.4% median change from baseline \[CFB\], *p* \< 0.0001), before reaching their nadir after 12 weeks (−29.9% median CFB, *p* \< 0.0001), remaining below baseline. By week 8, reduced circulating numbers of CD4^+^ and CD8^+^ T and natural killer (NK) cells were observed (median CFB, *p* value: −12.6%, *p* \< 0.0001; −16.4%, *p* \< 0.0001; and −6.1%, NS). Consistent with the pattern in B cells, the decline in NK cell counts appeared to stabilize after 12 weeks (−11.2% median CFB, *p* = 0.001), remaining below normal, whereas CD4^+^ and CD8^+^ T cell counts continued to decline from baseline through week 24 and CD8^+^ T cells had the greatest median percentage reduction. By week 24, evidence of a disproportionate effect on T-cell subsets was observed; CD8^+^ T cells demonstrated a 25% greater relative decline than CD4^+^ T cells from baseline (CD8^+^: −44%; CD4^+^: −33%, *p* \< 0.0001). Monocyte and granulocyte cell counts significantly increased during the first 24 weeks of treatment, though only slightly (\<10%, *p* \< 0.001).

Each major lymphocyte subset (T, B, and NK cells) was further characterized by refined immunophenotyping of functional subsets as depicted in [figure 3](#F3){ref-type="fig"}. As expected, a reduction in the absolute counts of functional subsets was observed at week 24, with the greatest median percentage reduction from baseline in T- and B-cell memory populations and the least effect on naive T- and B-cell subsets ([figure 3](#F3){ref-type="fig"}). While the greatest median percentage reduction by 24 weeks was observed in CD138^+^ plasma cells (−100%, *p* \< 0.0001), this also is the most difficult population to reliably and accurately measure due to normally very low circulating numbers.^[@R13]^ However, the overall reduction in the terminally differentiated plasma cell population is supported by the concomitant reduction of circulating CD27^+^ memory B cells, both nonclass-switched (CD27^+^IgD^+^) and class-switched (CD27^+^IgD^−^) subsets. Notably, among T cells, the greatest median percentage reduction by week 24 was observed in the memory T-cell compartment: central memory (CD45RA^−^/CCR7^+^) CD8^+^ T cells (−73%, *p* \< 0.0001), effector memory (CD45RA^−^/CCR7^−^) CD8^+^ T cells (−65%, *p* \< 0.0001), and effector memory (CD45RA^−^/CCR7^−^) CD4^+^ T cells (−61%, *p* \< 0.0001). Substantial reductions in absolute counts of T helper (Th) 1 (CXCR3^+^/CCR6^−^) and Th17 (CXCR3^−^/CCR6^+^) CD4^+^ T cells also were observed compared with the Th2-enriched population (CXCR3^−^/CCR6^−^). The numbers of naive (CD45RA^+^/CCR7^+^) CD4^+^ (−7%, NS) and CD8^+^ (−29%, *p* \< 0.0001) T cells, as well as naive regulatory (CD25^+^/CD127^low/−^) CD4^+^ T cells (0%, *p* \< 0.05), were least affected by DMF treatment by week 24. Interestingly, only 2 populations expanded during DMF treatment by week 24: the numbers of transitional (CD24^high^CD38^high^) B cells (+29%, *p* \< 0.0001) and CD56^bright^ NK cells (+25%, *p* \< 0.0001).

![Absolute count median percentage change of immune subsets from baseline to week 24 in PROCLAIM\
For each box plot, the top and bottom box edges correspond to Q1 and Q3. The black line inside the box represents the median. The corresponding *p* values were calculated using Wilcoxon signed-rank test. Significant *p* values are marked with asterisks (\**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; \*\*\*\**p* \< 0.0001). Ig = immunoglobulin; NK = natural killer; Q = quartile; Th = T helper.](NEUROLOGY2018920918FF3){#F3}

In addition to assessing the changes in lymphocyte subset numbers, the functional composition of the remaining lymphocyte repertoire was evaluated by assessing the relative proportions of each subset population. Within both CD4^+^ and CD8^+^ T-cell compartments, at week 24, there was a significant relative decrease in the proportion of central memory and effector memory phenotypes and a corresponding significant increase in the naive phenotype ([figure 4, A and B](#F4){ref-type="fig"}). While the proportion of effector CD8^+^ T cells was only slightly reduced by week 24, the proportion of CD8^+^ T cells with an activated phenotype (CD38^+^HLA^-^DR^+^) significantly increased compared with baseline (51%, median CFB, *p* \< 0.0001). Similarly, the proportion of CD4^+^ T cells with an activated phenotype (CD38^+^HLA^-^DR^+^) also increased (17% median CFB at week 24, *p* \< 0.0001). Importantly, the relative proportion of the total regulatory T cells among the CD4^+^ T-cell population was stable during DMF treatment (7.7% median CFB at week 24, *p* \< 0.0001) ([figure 4C](#F4){ref-type="fig"}). Correspondingly, there was a relative decline in the proinflammatory Th1 and Th17 subsets ([figure 4C](#F4){ref-type="fig"}) and an increase in the Th2-enriched phenotype. Among the B-cell compartment, the relative proportion of transitional and naive B cells increased while nonclass switched (IgD^+^) and class switched (IgD^−^) memory B-cell subsets significantly decreased from baseline to week 24 ([figure 5A](#F5){ref-type="fig"}). Finally, in the immunoregulatory CD56^bright^ NK cell population, there was both an absolute (25% median CFB, *p* \< 0.0001) and relative (87% median CFB at week 24, *p* \< 0.0001) increase ([figures 3](#F3){ref-type="fig"} and [5B](#F5){ref-type="fig"}). Overall, DMF treatment appears to selectively modulate proinflammatory and antigen-experienced lymphocytes, with many of these changes observed as early as 4 weeks after DMF initiation. In a parallel assessment, intracellular cytokine staining was also performed. Due to the analytical variability of the data, these findings are not shown and were not statistically significant; however, the patterns observed were consistent with the cell chemokine receptor-defined T-helper subtypes identified by cell surface staining (e.g., CXCR3).

![Proportions of T-cell subsets during early (PROCLAIM) and long-term (ENDORSE integrated analysis) dimethyl fumarate (DMF) treatment\
PROCLAIM (n = 163) and the BG00012 Monotherapy Safety and Efficacy Extension Study in Multiple Sclerosis (ENDORSE) integrated analysis (n = 694) are shown. For each box plot, the top and bottom box edges correspond to the first and third quartiles. The black line inside the box represents the median. The top and bottom whisker lines mark the maximum and minimum values of the dataset, respectively. For PROCLAIM (shaded white), the box plots represent the longitudinal trajectory in lymphocyte subsets during early treatment (from baseline \[BL\] to week 24 \[W24\]). For the ENDORSE integrated analysis (shaded gray), the box plots represent the cross-sectional observations in lymphocyte subsets in patients who had been exposed to DMF for ∼5 years, stratified by absolute lymphocyte count (ALC) category. For the ENDORSE integrated analysis, data were stratified by ALC categories (ALC always ≥0.91 × 10^9^/L \[≥lower limit of normal (LLN)\]; ALC \<0.8--0.5 × 10^9^/L for ≥6 months \[moderate, prolonged lymphopenia, \<0.8--0.5\]; ALC \<0.5 × 10^9^/L for ≥6 months \[severe, prolonged lymphopenia, \<0.5\]). Patients were categorized as having moderate to severe prolonged lymphopenia if they met these criteria at any time during the study. *p* values were calculated using Wilcoxon signed-rank test, compared the absolute change in relative proportion of lymphocyte subsets at week 24 with baseline for PROCLAIM, were calculated using a pairwise 2-sample Wilcoxon test, and compared the absolute change in relative proportion of lymphocyte subsets for moderate and severe, prolonged lymphopenia compared with ALCs ≥ LLN for the BG00012 Monotherapy Safety and Efficacy Extension Study in Multiple Sclerosis (ENDORSE) integrated analysis. Significant *p* values are marked with asterisks (\**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; \*\*\*\**p* \< 0.0001) vs baseline for PROCLAIM week 24 or vs ≥ LLN for ENDORSE integrated analysis ALC categories. (A) Naive CD4^+^ T cells (CD4^+^/CD45RA^+^/CCR7^+^), effector CD4^+^ T cells (CD4^+^/CD45RA^+^/CCR7^−^), central memory CD4^+^ T cells (CD4^+^/CD45RA^−^/CCR7^+^), effector memory CD4^+^ T cells (CD4^+^/CD45RA^−^/CCR7^−^), and activated CD4^+^ T cells (CD4^+^/CD38^+^/HLA^-^DR^+^). (B) Naive CD8^+^ T cells (CD8^+^/CD45RA^+^/CCR7^+^), effector CD8^+^ T cells (CD8^+^/CD45RA^+^/CCR7^−^), central memory CD8^+^ T cells (CD8^+^/CD45RA^−^/CCR7^+^), effector memory CD8^+^ T cells (CD8^+^/CD45RA^−^/CCR7^−^), and activated CD8^+^ T cells (CD8^+^/CD38^+^/HLA^-^DR^+^). (C) Naive regulatory T cells (CD4^+^/CD25^+^/CD127^low/-^/CD45RO^−^), effector regulatory T cells (CD4^+^/CD25^+^/CD127^low^/CD45RO^+^), Th1 phenotype (CD4^+^/CXCR3^+^/CCR6^−^), Th2-enriched phenotype (CD4^+^/CXCR3^−^/CCR6^−^), and Th17 phenotype (CD4^+^/CXCR3^−^/CCR6^+^). Th = T helper.](NEUROLOGY2018920918FF4){#F4}

![Proportions of immune cell subsets during early (PROCLAIM) and long-term (ENDORSE integrated analysis) dimethyl fumarate (DMF) treatment\
PROCLAIM (n = 163) and the BG00012 Monotherapy Safety and Efficacy Extension Study in Multiple Sclerosis (ENDORSE) integrated analysis (n = 694) are shown. For each box plot, the top and bottom box edges correspond to the first and third quartiles. The black line inside the box represents the median. The top and bottom whisker lines mark the maximum and minimum values of the dataset, respectively. For PROCLAIM (shaded white), the box plots represent the longitudinal trajectory in lymphocyte subsets during early treatment (from baseline \[BL\] to week 24 \[W24\]). For the ENDORSE integrated analysis (shaded gray), the box plots represent the cross-sectional observations in lymphocyte subsets in patients who had been exposed to DMF for ∼5 years, stratified by absolute lymphocyte count (ALC) category. For the ENDORSE integrated analysis, data were stratified by ALC categories (ALC always ≥0.91 × 10^9^/L \[≥lower limit of normal (LLN)\]; ALC \<0.8--0.5 × 10^9^/L for ≥6 months \[moderate, prolonged lymphopenia, \<0.8--0.5\]; ALC \<0.5 × 10^9^/L for ≥6 months \[severe, prolonged lymphopenia, \<0.5\]). Patients were categorized as having moderate to severe, prolonged lymphopenia if they met these criteria at any time during the study. *p* values were calculated using Wilcoxon signed-rank test, compared the absolute change in relative proportion of lymphocyte subsets at week 24 with baseline for PROCLAIM, were calculated using a pairwise 2-sample Wilcoxon test, and compared the absolute change in relative proportion of lymphocyte subsets for moderate and severe, prolonged lymphopenia compared with ALCs ≥ LLN for the ENDORSE integrated analysis. Significant *p* values are marked with asterisks (\**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; \*\*\*\**p* \< 0.0001) vs baseline for PROCLAIM week 24 or vs ≥LLN for ENDORSE integrated analysis ALC categories. (A) Transitional B cells (CD19^+^/CD24^hi^/CD38^hi^), naive B cells (CD19^+^/CD27^−^/IgD^+^), IgD^+^ memory B cells (non-class switched) (CD19^+^/CD27^+^/IgD^+^), IgD^−^ memory B cells (class switched) (CD19^+^/CD27^+^/IgD^−^), plasmablasts (CD19^+^/CD27^++^/CD38^++^), and CD138^+^ plasma cells (CD19^+^/CD27^++^/CD38^++^/CD138^+^). (B) CD4^+^ T cells (CD3^+^/CD4^+^), CD8^+^ T cells (CD3^+^/CD8^+^), B cells (CD19^+^), CD56^bright^ natural killer (NK) cells (CD19^−^/CD3^−^/CD16^+^/CD56^hi^), and CD56^dim^ NK cells (CD19^−^/CD3^−^/CD16^+^/CD56^low^). Ig = immunoglobulin.](NEUROLOGY2018920918FF5){#F5}

Lymphocyte subsets by ALC count during long-term DMF treatment {#s2-3}
--------------------------------------------------------------

To assess the long-term effects of DMF on lymphocyte function, as well as to identify any differences in patients with prolonged lymphopenia, a cross-sectional analysis was conducted in ENDORSE patients with at least 4 years of DMF exposure. At the time of the first flow cytometry sample, the mean (SD) exposure to DMF was 6.6 (1.3) years for patients with moderate, prolonged and 6.0 (1.3) years for severe, prolonged lymphopenia. Patients with prolonged moderate (n = 145) or severe lymphopenia (n = 26), had lower absolute cell counts of CD4^+^ and CD8^+^ T-, B-, and NK cell subsets compared with patients with ALC always above normal (n = 372, [figure 1B](#F1){ref-type="fig"}). Importantly, there was a high correlation between CD4^+^ counts and ALC and CD8^+^ counts and ALC (Spearman correlation coefficient, 0.90 and 0.81, respectively). Of note, the majority (\>50%) of patients with severe, prolonged lymphopenia had CD4^+^ and CD8^+^ T-cell counts below 0.2 × 10^9^/L and 0.1 × 10^9^/L, respectively (median, CD4^+^ T-cell count: 0.135 × 10^9^/L and CD8^+^ T-cell count: 0.055 × 10^9^/L).

The functional phenotypes for each major lymphocyte subset also were assessed across ALC categories. Overall, the changes to the functional composition of the T-, B-, and NK cell compartments observed early in DMF treatment in PROCLAIM were consistent in patients with long-term DMF exposure in ENDORSE. In an ALC-dependent manner, the relative proportion of the CD4^+^ and CD8^+^ central memory T cells declined (table e-3; [doi.org/10.5061/dryad.d065rr9](https://doi.org/10.5061/dryad.d065rr9)) while the proportion of activated CD4^+^ and CD8^+^ T cells increased. Within the B-cell compartment, the proportions of transitional and naive B cells increased, while memory B-cell subsets declined further in an ALC-dependent manner. In addition, the proportion of CD56^bright^ and CD56^dim^ NK cells increased in an ALC-dependent manner. Importantly, across all ALC categories during long-term treatment with DMF, there is a sustained maintenance or increase in the relative proportion of immunoregulatory cells: this includes CD4^+^ regulatory T, CD56^bright^ NK, and potentially transitional B cells, which have a phenotype that overlaps with IL-10^+^ B cells, which have been speculated to be implicated in regulatory function.^[@R14]^

Interestingly, there were some substantial divergences in the functional immune repertoire specifically among patients with severe, prolonged lymphopenia. Notably, the proportion of naive CD4^+^ and CD8^+^ T cells declined, while the proportion of CD4^+^ and CD8^+^ effector memory, CD8^+^ effector, effector regulatory T, and Th1 T cells increased only among patients with severe, prolonged lymphopenia.

Median percentage changes from baseline in absolute counts and levels of Ig antibodies {#s2-4}
--------------------------------------------------------------------------------------

Despite changes in the circulating B-cell repertoire with DMF treatment, there was little to no effect on IgM, IgA, IgG, and IgG subclasses 1--4 levels by 24 weeks, which remained stable throughout the observation period (figure e-1 and table e-4; [doi.org/10.5061/dryad.d065rr9](https://doi.org/10.5061/dryad.d065rr9)).

Safety {#s2-5}
------

### On-treatment clinical implications of lymphopenia {#s2-5-1}

For patients who were exposed to DMF for up to 10 years (10,196 total patient-years), the rate of serious infection, herpes zoster infection, and malignancy in the ENDORSE integrated analysis was low overall, and similar across groups when patients were stratified by on-treatment ALC levels ([table 2](#T2){ref-type="table"}). Likewise, no increased incidence of serious infections or herpes zoster was observed between groups when stratified by on-treatment CD4^+^ and CD8^+^ T-cell counts ([table 2](#T2){ref-type="table"}). One opportunistic infection (a fatal case of PML) occurred in the setting of severe lymphopenia (ALC range, 0.3--0.6 × 10^9^/L) of 3.5 years\' duration and has been previously reported^[@R5]^; there were no other opportunistic infections reported to date.

###### 

Incidence of infection, malignancy, and herpes zoster by absolute lymphocyte count (ALC) category and by CD4^+^ and CD8^+^ T-cell subset count in the long-term ENDORSE integrated analysis

![](NEUROLOGY2018920918TT2)

The safety profile AEs (in 79% of patients) and SAEs (in 4% of patients) in PROCLAIM were consistent with the known safety profile of DMF.^[@R2],[@R3],[@R6]^ As of the 6-month follow-up, no opportunistic infections or serious infections have been reported during the study, though duration of exposure is limited.

### Lymphocyte discontinuation and reconstitution in the integrated analysis of ENDORSE {#s2-5-2}

Limited data are available to assess the reconstitution of lymphocytes after discontinuation of DMF. In an analysis of patients with ≥1 ALC \<0.8 × 10^9^/L while on treatment with DMF (excluding patients with \<0.5 × 10^9^/L for ≥6 months), and ≥1 ALC after DMF discontinuation (n = 207), the majority of patients achieved an ALC of ≥0.8 × 10^9^/L (82%) or 0.91 × 10^9^/L (LLN; 68%) after DMF discontinuation; 63% and 53% of these patients reached those levels within 4--5 weeks ([table 3](#T3){ref-type="table"}). However, it was not possible to assess lymphocyte subset reconstitution for these patients, as data were limited.

###### 

Demographic and clinical characteristics for patients in the ENDORSE integrated analysis who discontinued dimethyl fumarate (DMF), stratified by lymphocyte levels

![](NEUROLOGY2018920918TT3)

Patients with severe, prolonged lymphopenia were analyzed separately due to the prolonged duration of lymphopenia while on treatment with DMF. Once these 49 patients had an ALC \<0.5 × 10^9^/L for 6 months, they continued to receive treatment with DMF for a mean of 2.9 years before discontinuing therapy. This duration of lymphopenia was prolonged relative to current clinical practice due to amendments to prescribing guidelines. However, of these patients, 15 had ≥3 separate measurements of T-cell subsets recorded after discontinuation of DMF. Of the 15 patients with data available, select individual patient plots to describe the reconstitution of T-cell subsets in the context of ALC reconstitution are presented (figure e-2; [doi.org/10.5061/dryad.d065rr9](https://doi.org/10.5061/dryad.d065rr9)). The high correlation observed between ALC and T-cell subsets while on treatment may suggest a persistent effect following discontinuation; however, due to the spontaneity of collection and small patient numbers, it was not feasible to do a correlative analysis and this could not be confirmed.

Discussion {#s3}
==========

These findings from a total of 2,633 DMF-treated patients with RRMS in 2 clinical trials, some of whom had long-term treatment with DMF, continue to reflect the well-described pattern of lymphocyte count decline followed by stabilization and corroborate previous smaller studies reporting reductions in circulating lymphocyte subsets corresponding with ALC decline early in the course of treatment,^[@R1],[@R7][@R8][@R9],[@R15],[@R16]^ further demonstrating a maintenance of these changes during long-term treatment. These data indicate that subset changes are closely aligned with the dynamics of overall ALC change, and specifically demonstrate a strong correlation between ALC levels and T-cell subset counts, which underscores the clinical utility and sufficiency of monitoring ALC levels by a routine CBC during DMF treatment.

CD8^+^ T cells demonstrated a greater relative decline compared to CD4^+^ T cells, in line with previous observations.^[@R17]^ It has been well-described that CD8^+^ T lymphocytes are critical for cell-mediated antiviral immunity.^[@R7],[@R18]^ However, with the exception of rare PML in the setting of moderate to severe, prolonged lymphopenia observed in clinical trial and real-world settings, the data from this large population of clinical trial patients treated for many years with DMF did not demonstrate any increased incidence of serious infection or opportunistic infection, regardless of ALC or T-cell subset levels.

These datasets also confirm that DMF shifts the immune repertoire of circulating T and B cells, resulting in a relative expansion of naive and immunoregulatory cells.^[@R1],[@R7][@R8][@R9],[@R15],[@R19]^ The relative proportion of the total regulatory T cells among the CD4^+^ T-cell population was stable during DMF treatment, suggesting that an appropriate T-reg:T-effector ratio would be maintained to support immune tolerance mechanisms. Interestingly, there also was a relative increase in the activation status of CD8^+^ and CD4^+^ T cells. The increased activation status of CD4^+^ and CD8^+^ T cells may reflect increased homeostatic expansion.^[@R20][@R21][@R23]^ This increase in an "activated" phenotype is likely indicative of active immune reconstitution in response to the decline in T cells in patients treated with DMF. Notably, the most significant decline during exposure to DMF appears to be on CD8^+^ central memory, CD8^+^ and CD4^+^ effector memory T cells, and class-switched memory B cells, which may explain why no increased incidence of infection was observed in DMF-treated patients. This DMF-mediated shift to an anti-inflammatory state may lead to improvements in disease activity, similar to what has been noted for the B-cell compartment.^[@R19]^ These relative changes are observed regardless of absolute cell counts or ALC category. Because clinical data suggest the presence of lymphopenia is not required for MS relapse-reduction efficacy, the level of ALC reduction or prolonged lymphopenia is not likely to be the primary mechanistic driver of DMF; the contributory effects of cumulative subset-specific changes must still be further explored. While some research has been done to propose specific mechanisms responsible for immune cell loss,^[@R7],[@R8],[@R15],[@R24],[@R25]^ there are likely multiple mechanisms of action for DMF, as well as patient-intrinsic factors, that are currently not well-understood and lead to the heterogeneous effect of DMF on the immune system.

Despite challenges to collecting data in patients after discontinuation from study drug as the majority of patients discontinuing study drug simultaneously discontinue the clinical trial, this dataset provides the first opportunity to describe post-DMF ALC dynamics in a population of \>200 patients. Following DMF treatment discontinuation in patients with moderate lymphopenia while on treatment, lymphocyte counts generally increased over time. Most patients achieved an ALC \>0.8 × 10^9^/L approximately 1 month after discontinuation. By contrast, the time to reconstitution was longer for patients with severe, prolonged lymphopenia, likely due to the longer time that the patients had severe, prolonged lymphopenia while on treatment. The increase in the proportion of CD4^+^ and CD8^+^ effector memory, CD8^+^ effector, effector regulatory T, and Th1 T cells only among patients with severe, prolonged lymphopenia, together with the increase in activated T, transitional B, and CD56^bright^ NK cells, likely reflect the active dynamics of attempted immune system reconstitution during a chronically lymphopenic state.

The current analysis was subject to inherent limitations associated with integrating data from trials that may have important differences in design, patient population, data extraction procedures, and statistical methodology. In addition, patients enrolled into clinical trials may not fully reflect patients treated in clinical practice, thus continued use of DMF in a real-world population will further describe the benefit--risk profile of DMF. Despite these limitations, amalgamating patient data for this integrated analysis provided an increased sample size and provided consistent observed outcomes.

Taken together, these data provide critical context for the clinical implications of T-cell subset changes in DMF-treated patients and taken together with the strong correlation between ALC and T-cell subsets, continue to support that additional monitoring of T-cell subsets is not required or necessary for safety surveillance in routine clinical practice for patients treated with DMF. The results of these analyses reinforce initial observations documenting the immunomodulatory effects of DMF on lymphocyte subsets. Most importantly, the safety profile of DMF in these studies is consistent with its known effects in adult patients with relapsing forms of MS, and continues to support the positive benefit--risk profile observed in both clinical trial and real-world patients treated with DMF.
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:   adverse event

ALC

:   absolute lymphocyte count

CBC

:   complete blood cell count

CFB

:   change from baseline
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:   Efficacy and Safety Study of Oral BG00012 With Active Reference in Relapsing-Remitting Multiple Sclerosis

DEFINE

:   Efficacy and Safety of Oral BG00012 in Relapsing-Remitting Multiple Sclerosis

DMF

:   delayed-release dimethyl fumarate

ENDORSE

:   BG00012 Monotherapy Safety and Efficacy Extension Study in Multiple Sclerosis

Ig

:   immunoglobulin

LLN

:   lower limit of normal

NK

:   natural killer

PML

:   progressive multifocal leukoencephalopathy

RRMS

:   relapsing-remitting multiple sclerosis

SAE

:   serious adverse event

Th

:   T helper
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